Single crystal samples of L-leucine, C 6 H 13 NO 2 , a fundamental aliphatic amino acid of the human body, have been studied by Raman spectroscopy at temperatures from 300 to 430 K over the spectral range from 50 to 3100 cm −1 . A tentative assignment of all bands is given. For high temperatures, several modifications on the Raman spectra were observed at about 353 K, giving evidence that the L-leucine crystal undergoes a structural phase transition. An interpretation for this phase transition in terms of group theory analysis is given.
I. INTRODUCTION
There has been a great deal of interest in the vibrational and structural characterization of amino acid crystals under extreme conditions in the last years. This interest has been fueled by the possibility of using them in technological devices, mainly in those cases where amino acid crystallizes together with other inorganic molecules, as occurs for L-arginine phosphate, which presents a high non-linear coefficient and can be used as a non-linear material involving several applications [1, 2] . Additionally, there are other aspects related to physical behavior that can be observed easily by vibrational and structural investigations. One of these aspects deals with the correlation among packing of molecules, the density and the stability of a certain crystal structure. For example, it is known that Lserine crystal is more dense than DL-serine, but the L-form undergoes a structural phase transition at lower pressure [3, 4] . In other words, the expected role played by the packing of molecules in the crystal is not so important, being more important for the problem the hydrogen bond interactions of the molecules.
Among the proteic amino acids the simplest are the aliphatic ones, compressing glycine (non-chiral), L-alanine, L-isoleucine, L-valine and L-leucine. For the first three amino acids previous investigations do not shown any structural phase transition under temperature changes [5 -8] , although a study involving birrefrigence and light depolarization measurements have shown some symmetry breaking around 220 K for L-alanine [9] . It is also important to state that differently from the temperature change experiments, there is evidence that L-alanine undergoes a structural phase transition at about 2.2 GPa under high pressure conditions [10] . For the other two aliphatic amino acid crystals the picture is as follows. A temperature investigation on L-valine crystal using Raman spectroscopy technique showed that the material undergoes a phase transition between 100 and 120 K [11] . For L-leucine crystal, to the best of our knowledge, only Boygeard have published a work reporting properties of L-leucine crystal at high temperatures [12] . In such a work it was presented evidence of a phase transition at 80 o C through differential scanning calorimetry measurements and two unpolarized Raman spectra (at 300 and 360 K) on L-leucine performed in the limited spectral range between 100 and 1700 cm −1 .
The objective of this work is three-fold: (i) to present the Raman spectra of L-leucine crystal through the entire spectral range of the normal modes, 50 -3200 cm −1 , and give a tentative assignment of them; (ii) to present the temperature evolution of the Raman spectra of L-leucine crystal, giving particular attention to the changes which were associated to a structural phase transition undergone by the material; (iii) to give a tentative interpretation for the occurrence of this phase transition in terms of group theory analysis.
II. EXPERIMENTAL
Single crystals of L-leucine were grown from aqueous solution containing powder from Sigma by the slow evaporation method at controlled temperature. They were obtained as colorless tiny platelets, similarly with L-valine [11] and L-isoleucine [8] crystals. As occurs for L-isoleucine crystal, the large face (001) of the crystal is perpendicular to the c-axis and this was defined as the z-axis through X-ray diffraction. The smaller faces have indices (100) and (110); the axis perpendicular to the (100) face is the x-axis in our experiments. The backscattering light was analyzed using a Jobin Yvon Triplemate 64000 micro-Raman system equipped with an N 2 -cooled CCD detector. The slits were set for a 2 cm −1 spectral resolution. The excitation source for the Raman experiments was 514.5 nm radiation from an argon ion laser. In order to obtain high temperature a Linkan TS1500 micro furnace was utilized. The experiments were accomplished with heating of the sample and no crystal cracking was observed at the transition temperature.
III. RESULTS AND DISCUSSION
L-leucine (in the inset of Fig. 1 the molecular structure is shown) crystallizes in a monoclinic lattice belonging to the P2 1 space group, β= 86.2 o . The conformations of the two leucine molecules are similar but not identical to each other and to that in DL-leucine. According to Harding and Howieson [13] , the carboxyl and amino groups are hydrogen bonded in a double layer very like that in other non-polar Lamino acids (for example, L-valine [11] and L-isoleucine [8] ). In terms of the irreducible representations (IRep) of the C 2 factor group, the normal modes are decomposed as Γ = 132 A + 132 B, and because there are two acoustic modes at the B IRep and one at the A IRep, the optical modes are Γ op = 131 A + 130 B. Figure 1 presents the Raman spectra of L-leucine crystals for two scattering geometries, z(yy)z and z(xx)z, in the spectral region 50 -700 cm −1 . The axes were defined according to the following convention: the z-axis was that perpendicular to the plane of the platelet and the y-axis was defined as the axis coincident with the longest dimension of the crystal; the x-axis was defined perpendicular to the y-and z-axes. In general terms, the bands observed with wavenumber lower than 150 cm −1 are associated to the lattice modes of the crystal (lat.) and they can give interesting insights about the stability of the structure under changes of thermodynamic parameter as temperature and pressure. The band at 175 cm −1 is tentatively associated to a torsion of CO − 2 unit, τ(CO − 2 ), and bands at 185 and 205 cm −1 , for the z(yy)z geometry, can be associated to torsions of CH, τ(CH) [8] . In the L-leucine spectrum in the z(xx)z scattering geometry it is observed two bands at 245 and 288 cm −1 that can be associated with out-of-plane vibration of CH, γ (CH), and CH 3 torsion, τ(CH 3 ), respectively [14] . The low intense band at 332 cm −1 is tentatively assigned as a NCC deformation, δ(NCC) [11] , while the bands at 352, 406, 445 and 460 cm −1 are assigned as skeletal structure deformations, δ(skel.) [14] . Finally, in the spectra of L-leucine presented in Fig. 1 it is observed an intense band at 536 cm −1 which is associated with the rocking of CO − 2 unit, r(CO − 2 ) [8, 14] . It is interesting to note that the bands at 185, 205 and 445 cm −1 are not observed in the spectrum of the z(xx)z scattering geometry. Also, in other spectral regions (see following figures) it is possible to observe that some bands are absent in the spectrum of one of the scattering geometries. This occurs because the orientation of the molecule allows that vibrations associated with molecular fragments could contribute with some Raman bands to a certain scattering geometry, while for others, such contribution is irrelevant. , and rocking of CH 3 , r(CH 3 ) [8] . The 900 -1100 cm −1 spectral region is characterized by bands associated to several CC and CN stretching vibrations, ν(CC) and ν(CN) [8, 11] . The band observed at 1131 cm −1 is assigned as rocking of NH + 3 unit, r(NH + 3 ), as well as the doublet at 1177 and 1187 cm −1 (in the z(xx)z scattering geometry) [11] . The band at 1240 cm −1 is tentatively assigned as torsion of CH 2 , τ(CH 2 ) [8] .
The Raman spectra of L-leucine crystal in the 1280 -1700 cm −1 spectral region is presented in Fig. 3 . This is a rich region, where many bands are observed, in particular, for the z(yy)z scattering geometry. Most of the bands in the region 1300 -1375 cm −1 are assigned as deformations of CH unit, δ(CH) [8, 12] . Bands at 1391 and 1411 cm −1 are associated to symmetric bending of CH 3 , δ S (CH 3 ), and peaks at 1458 and 1475 cm −1 are associated to asymmetric bending of CH 3 , δ a (CH 3 ). In the z(yy)z scattering geometry the bands observed at 1560, 1585 and 1626 cm −1 are associated to stretching vibrations of CO tering geometry it is very clear that the band at 1626 cm −1 has an intensity greater than the band at 1585 cm −1 which is greater than the peak at 1560 cm −1 . The observation of the same spectral region in L-valine [8] and L-isoleucine [11] reveals the same relationship of intensities for the three peaks. Additionally, the Raman spectrum of L-leucine presents no peak in this region for the z(xx)z scattering geometry; the same is true for L-valine [8] and L-isoleucine [11] . Figure 4 presents the Raman spectra of L-leucine crystal for two scattering geometries in the 2800 -3100 cm −1 spectral region. Bands due to the stretching vibrations of methylene, methyne and ammonium groups are expected to be observed in this high wavenumber region. However, as it is well known, the bands associated to the stretching vibrations of the NH 3 group present low intensity in the Raman spectrum. In general, the other bands appear with wavenumbers very similar to those of L-isoleucine crystal; the tentative assignment of these bands is given in Table 1 . A final observation is that no band was observed for wavenumber higher than 3100 cm −1 , indicating that the crystal has grown as an anidrous form; in fact, when OH stretching vibrations are present, a large band centered at ∼ 3400 cm −1 is observed.
IV. HIGH-TEMPERATURE RAMAN SPECTRA
The interest in the study of the vibrational properties of organic and semi-organic (an organic molecule with a nonorganic one, such as HCl or H 2 O) substances varying temperature has grown in the last years mainly because of the possibility to shed light on the question of hydrogen bonds [15] and to help on the understanding of the phenomenon of polymorphism, mainly related to pharmaceuticals, pigments, and optical materials, among others [16] . Amino acid crystals, in particular, due to the fact that they are structures kept together through hydrogen and van der Waals bonds are expected to be unstable under great temperature variations. This is true, for example, for L-valine crystals that under lowtemperature conditions undergo a phase transitiona at about 100 K [11] . For L-isoleucine crystals, another aliphatic proteic amino acid, the same temperature changes verified in the L-valine experiment (20 -300 K) do not affect the stability of the structure [8] . L-alanine crystal, the smallest chiral aliphatic amino acid, when submitted to the same temperature conditions, seems to maintain the orthorhombic roomtemperature structure, although the existence of a strong dynamic Jahn-Teller effect originated from the NH + 3 chargelattice coupling would explain a previouly misterious lattice instability at ∼ 250 K [9] . Also, recently it was discovered that when L-alanine is fully deuterated, a structural phase transition is observed for temperature lower than 200 K [17] .
In this section we discuss the effect of high temperature (T > 297 K) on the Raman spectra of L-leucine crystal. Fig. 5 shows the temperature evolution of the Raman spectra for all spectral regions in the z(yy)z scattering geometry. In order to facilitate the discussion we divided the spectra into four regions (Figs. 5(a) -5(d) ). Fig. 5(a) presents the bands appearing in the high-wavenumber region. The Raman spectra in this region show little changes, being observed only slight variations in the intensity of the bands. In fact, increasing temperature the two main effects on the CH 2 and CH 3 stretching region are: (i) a band at 2990 cm −1 , initially well separated from the most intense bands of lower wavenumber decreases intensity and appears as a shoulder of the bands of 2960/ 2971 cm −1 ; (ii) bands at 2927 and 2939 cm −1 , which are seen as a band with large linewidth in the room temperature spectrum, begins to be observed as distinct bands in the spectrum at 323 K. For higher temperatures the two bands are clearly observed as separated ones. Figure 5 (b) presents the temperature evolution of the Raman spectra of L-leucine crystal for the z(yy)z scattering geometry in the spectral region 1280 -1750 cm −1 . Here, several aspects can be cited. First, most of the bands decrease intensity as occurs for the band observed at 1300 cm −1 in the spectrum of room temperature. However, for the doublet 1318 and 1324 cm −1 an interesting effect is observed: by increasing temperature the low-intensity band at 1324 cm −1 decreases intensity in such a way that in the spectra of 323 -343 K it is observed only as a shoulder of the other band. In the spectrum taken at 353 K the band originally at 1324 cm −1 is not visible and, at the same time, the neighboring band (originally at 1318 cm −1 ) seems to increase intensity relatively to the other bands of the spectrum. A possible explanation for this not conventional fact is that starting from the 353 K, the doublet becomes degenerated.
The low-intensity bands observed in the room temperature spectrum at 1365 and at 1441 cm −1 are seen only as shoulders of the intense neighboring bands (at 1343 and 1458 cm −1 , respectively) when the sample is heated up to 393 K. Another observation in the spectra of Fig. 5(b) refers to the bands between 1550 and 1650 cm −1 . The band observed originally at 1560 cm −1 has its intensity vanishing for T =353 K. Also, the bands at 1585 and 1626 cm −1 change intensities when temperature varies from 297 to 413 K, similarly to what occurs with low-wavenumber bands of L-valine crystal at low temperature [11] and with low-wavenumber bands of L-alanine crystal at high pressure conditions [10] . While for low-wavenumber peaks, which are associated to lattice modes of amino acid molecule, the change of intensities are ascribed to a mutual molecular reorientation in the lattice, for these modes of highwavenumber we believe that the relative change of intensities could be attributed to coupling of internal modes with modes of low energy or to different temperature variation of intensities, giving rise to an apparent exchange of intensities. Figure 5(c) shows the temperature evolution of the Raman spectra of L-leucine crystal for the z(yy)z scattering geometry in the spectral region 700 -1250 cm −1 . One interesting aspect is worth mentioning. A band at ∼ 810 cm −1 begins to be observed when temperature reaches 353 K, i.e., at room temperature there is no band between 700 and 830 cm −1 and at that temperature a band appears. Also interesting is the fact that at room temperature it is observed a doublet at 919 and 926 cm −1 ; when the sample is heated the bands lose intensity but remain as two distinct bands up to 343 K. However, when the L-leucine crystal is submitted to a temperature of 353 K it is observed that all bands decrease intensities and their linewidths increase, as one expects. Bands at 175, 185 and 205 cm −1 (marked by three down arrows), associated to torsional modes, are well visible in the spectrum at room temperature but, when temperature is increased, one observes that the band originally at 185 cm −1 decreases intensity in such a way that at 353 K only two bands are present (they are marked by two arrows). The two bands remain up to the highest temperature of the experiments.
The region of the external modes (wavenumbers up to ∼ 150 cm −1 ), in particular, deserves special attention. We have shown that at ∼ 353 K a series of changes appears in the internal modes region of L-leucine crystal. This can be an indication that some change in the structure is taking place at that temperature, although other phenomena can explain changes in bands associated to internal mode vibrations. One of the most known examples is related to L-alanine crystal where the splitting of the NH + 3 torsional mode is observed at ∼ 220 K, but being associated to small distortions of the NH + 3 group, not to a structural phase transition [6] . On the contrary, taurine crystal is an example where changes in bands associated to internal modes (e.g. torsional vibration of CSH moiety) are effectively related to a structural modification [18] . For Lleucine crystal one observes that at T = 297 K three different bands (up to 150 cm −1 ) are present in the spectrum. When the sample is heated the evolution of the two bands of lowest energy is such that at the highest temperature they appear as a large band. The most important effect, however, is observed for the band at 110 cm −1 , also marked by an arrow: its intensity continuously decreases and at about 353 K it goes to zero. The vanishing of this band associated to a lattice vibration can in a straightforward way be interpreted as a structural phase transition undergone by L-leucine crystal at 353 K. A possible interpretation for this phase transition is given as follows: at room temperature the crystal belongs to a C 2 symmetry and above 353 K the crystal belongs to a C s symmetry. In this way, when the temperature is increased close to the phase transition, longitudinal optical (LO) modes begin to decrease intensity and in the new phase the intensity goes to zero. This explains the disappearance of modes of low energy, as well as, those around 920 cm −1 . Fig. 6 shows a representation of the crystal in the yz plane for the room temperature phase (upper) and for the high temperature phase (lower) with the wave vectors for the incident (k i ) and scattered (k s ) lights and the wave vector for the phonons (k f ).
The incident and scattered lights are in the z direction and the phonons involved are in the same direction. Through the character table of C 2 group (Ref. [19] ) it is clear that only phonons with z-polarization are allowed and, as a consequence, the modes involved in the scattering process at room temperature are LO. Above 353 K (supposing the new symmetry being C s ) the phonons propagating in the z-direction are polarized in the x and y directions [19] and, consequently, the phonons involved in the scattering process are transversal optical (TO) modes.
As pointed out in Ref. [20] , the molecules of L-leucine in the unit cell are organized in layers parallel to the bc face of the crystal. These layers present two kinds of interactions: on one side they interact via hydrogen bonds and on the other side they interact through the methyl groups of the leucine side chains. Because we have observed changes in the lowwavenumber region, it is possible that the phase transition involves the rupture of one hydrogen bond among the three possibilities of H bonds on amino N atoms with different molecules. The understanding of this dynamics which must be achieved by other measurements (X-ray and neutron diffractions) will be important to shed light on the interactions of alternating polypeptides that have similar organization to those of L-leucine molecules in their crystalline structure.
V. CONCLUSIONS
Raman spectra of L-leucine crystal were investigated for the interval 50 -3100 cm −1 (for wavenumbers higher than 3100 cm −1 and up to 3600 cm −1 no band was observed) and a tentative assignment of the modes was given. The temperature evolution of the Raman spectra showed a series of modifications in the internal mode region at about 353 K. In this same temperature changes in the external mode region furnished evidence for a structural phase transition undergone by L-leucine crystal. A change of symmetry from the C 2 to the C s point group through the appearance of TO modes at high temperatures is suggested to explain the mechanism of the phase transition. This physical observation puts L-leucine in the same class of L-valine crystal among the aliphatic amino acid crystals which present at least one type of structural change. In another class it is possible to find L-alanine [6] , D-alanine [21] , D-valine [22] and L-isoleucine [8] , which are stable under a very large range of temperature (at least for low-temperature conditions).
